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Gill diseases are common, especially in intensively reared fish; they result in 
respiratory distress, as well as impaired osmoregulation and excretion1. Bacteria 
and parasites are common causes of gill disease, as is poor water quality, 
including planktonic blooms. Swarms or blooms of jellyfish are increasingly and 
especially problematical2, and can result in high mortality of farmed fish. Small 
species of jellyfish such as Philalella quadrata (13 mm diameter) are capable of 
passing through the mesh of sea-cages and of being sucked into the mouth of fish 
during respiration. Here we show that the initial damage to gills of farmed 
Atlantic salmon, likely produced by nematocyst-derived toxins from the jellyfish, 
was compounded by secondary bacterial infection with Tenacibaculum
maritimum. We also demonstrate that these filamentous bacteria were present on 
the mouth of the jellyfish and that their DNA sequences were almost identical to 
those of bacteria present on the salmon gills. This suggests that the bacterial 
lesions were not the result of an opportunistic infection of damaged tissue as 
previously thought. Instead, P. quadrata is probably acting as a vector for this 
particular bacterial pathogen, and it is the first time that evidence to support 
such a link has been presented. We could find no prior literature describing the 
presence of bacteria associated with jellyfish, other than some studies about their 
decay. We do not know if all jellyfish of this and other species carry similar 
bacteria in a symbiotic relationship, nor do we know their source, the role that 
they play under other circumstances, or indeed whether the jellyfish were 
themselves diseased. The high proteolytic capabilities of T. maritimum mean that 
partially digested gill tissues were readily available to the jellyfish, which rely 
heavily on intracellular digestion for their nutrition. 
In Scotland, blooms of jellyfish cause high mortality in intensively stocked fish due to 
oxygen depletion or the effects of their toxins3. Swarms of oceanic species of jellyfish 
are most often involved but the neritic species Phialella quadrata has already been 
implicated in mortality of sea-caged salmon in Scotland4. This species inhabits in-
shore waters of the British Isles almost year-round5,6, suggesting that it is not 
constrained to one generation per year. Jellyfish toxins are considered to be some of 
the most potent of all venoms7. The specific toxins of P. quadrata have not yet been 
studied, but cytolytic and/or haemolytic effects appear to be common to all 
nematocyst-derived venoms7. When the fish does not die directly from the immediate 
effects of the toxins, it can succumb within a few hours due to respiratory failure, or 
later, from opportunistic bacterial infections on the body or gills, caused by bacteria 
like flavobacteria or vibrios8. Bacterial diseases of the gills in salmon are much less 
common in salt water than in fresh, but they do occur1. Tenacibaculum maritimum is 
one species that has been regularly incriminated in gill disease outbreaks9 although 
little is known of predisposing factors or source(s) of infection. Lesions are generally 
restricted to lamellae and filaments, and include severe necrosis and even infarction1.
During July and August 2008, many small jellyfish were reported swarming around 
Atlantic salmon (Salmo salar) cages in a sea-site off the Shetland Isles, Scotland. 
Reaching concentrations of up to 700/l in and around the cages, they were identified 
as the neritic species Phialella quadrata. Along with this jellyfish bloom, heavy 
mortality in caged salmon was also reported. Routine histopathological samples were 
taken from affected moribund fish on a number of occasions in July, August and 
September; sampled tissues included gills, heart, spleen, kidney, liver, gastro-
intestinal tract, skin, muscle, eye and brain. Jellyfish were also collected from within 
as well as outside affected cages, and fixed in either 10% buffered formalin or 70% 
alcohol. These samples formed the basis for subsequent scanning electron 
microscopical and molecular studies. DNA was extracted from ethanol-fixed jellyfish 
and from formalin-fixed wax-embedded gill tissue10, and compared using a nested 
PCR to the type strain of T. maritimum. Nucleotide sequencing was used to confirm 
the identity of the final PCR products. All sequences obtained were compared and 
contrasted with other 16S rRNA sequences in the EMBL database by BLAST 
analysis11.
In moribund fish, significant histopathological lesions were restricted to the gills. 
Changes involved the respiratory surfaces but the most severe lesions were invariably 
present on the gill arch. Superficial lesions on arch epithelium were characterized by 
multi-focal acute ballooning degeneration, by spongiosis and hydropic degeneration, 
and by necrosis (Fig 1). Inflammatory response was variable in degree but was mostly 
acute and comprised mainly of neutrophils and erythrocytes. In some sections 
jellyfish were closely apposed to the arch epithelium, and fine basophilic filaments 
emanating from the jellyfish penetrated deeply into the epithelium; these were 
interpreted as nematocysts. Most samples were also characterized by the presence of 
marked hyper-eosinophilia of basement membrane and the superficial sub-epithelial 
layer, suggesting necrobiosis. This was usually accompanied by proteinaceous 
oedema and neutrophils. In some cases, the gill rakers were severely affected, with 
necrosis and complete sloughing of epithelium, and severe acute inflammation. 
Finally, mats of filamentous bacteria were observed on the severely ulcerated gill arch 
and gill rakers in a number of samples (Fig 2). Changes to the respiratory epithelium 
comprised lamellar epithelial degeneration and necrosis, exfoliation of epithelial cells, 
lamellar fusion, congestion, and an infiltration of inflammatory cells, leading to 
overall lamellar thickening. Scanning electron microscopy showed that all samples of
P. quadrata had abundant filamentous bacteria on the lips (Fig 3). A nested PCR 
reaction gave positive bands at the correct molecular weight (1088 bp) for gills, 
jellyfish (one sample) and for the reference bacterial strain positive control, indicating 
that T. maritimum was present in all. No amplification products were observed in any 
of the negative control samples. The BLAST search of the sequences obtained from 
the amplification products of the jellyfish sample, of the gill sample, and of the 
reference strain positive control showed respectively 99.7%, 100% and 100% 
similarity with the published sequence12 of Tenacibaculum maritimum (strain: IFO 
15946) with EMBL accession number AB078057. 
The findings show that all examined jellyfish were carrying filamentous bacteria and 
that in one case, at least some of these were T. maritimum. Similarly, the filamentous 
bacteria on the gill arch were shown to be T. maritimum. The close association 
between the jellyfish and the lesions on the gill arch suggests that the bacterial lesions 
were not merely the result of opportunistic infection of an exposed and vulnerable 
tissue. A reasonable conclusion is that the jellyfish were responsible for carrying 
bacteria to the gill arch and for infecting, with T. maritimum, the tissue into which 
they were injecting toxins. In a species that has been shown to exhibit a fair degree of 
genetic variability13 the virtually identical gene sequences of the T. maritimum from 
gill and jellyfish support this conclusion.  
There is little doubt that the observed mortality in the salmon can be attributed to the 
gill lesions, but it is less certain whether these were due to the direct action of the 
jellyfish, the subsequent bacterial infection, or some combination of both. The severe 
inflammatory response that accompanied the major epithelial lesions and necrobiosis 
of basement membrane and superficial dermal collagen suggests the possibility of 
complement activation due to injected jellyfish toxins, but these lesions by themselves 
would not necessarily have led to respiratory compromise, unless inflammatory 
cytokines and/or jellyfish toxins were carried by the circulation into the filaments and 
lamellae, with resulting alterations in blood flow. By contrast, the accompanying 
lamellar epithelial changes would probably lead to turbulence, increased diffusion 
distance and hypoxaemia. T. maritimum is known to possess aggressive proteolytic 
enzymes14 so colonization of the gills by these bacteria would rapidly lead to further 
severe gill damage, including infarction. T. maritimum has been reported previously 
in Scotland15 but only from Dover sole Solea solea. The present study constitutes the 
first report of tenacibaculosis in Atlantic salmon in Scotland. It also suggests that 
jellyfish may act as a reservoir of infection for farmed fish, especially for this 
bacterium which has been shown to survive poorly in seawater alone16.
The results raise several interesting questions about the relationship between the 
bacteria and the jellyfish. Are they a pathogen of the jellyfish, or are they present in a 
symbiotic or commensal capacity? Jellyfish do not have a “typical” digestive tract, 
but variably complex gastric cavities and canals instead. These are usually ciliated 
and provided with secretory cells that release exoenzymes. Predigestion in the gastric 
cavities is followed by endocytosis of food particles and intracellular digestion in the 
gastrodermal cells. In the case of a small and simple medusa such as P. quadrata
there is only a simple elastic stomach cavity linked to the radial and circular canals17.
The presence of a population of proteolytic enzyme-producing bacteria on their mouth 
could therefore aid in predigestion of prey; in this case, the salmon gills were possibly 
the target. Bacteria have long been known to be associated with gastrodermal and 
tentacle cells as well as mucosal secretions in other cnidarians, notably coral polyps18.
Coral mucus harbours specific populations of bacteria that probably play a role in 
cnidarian immune defences as well as nutrition. However, we could find no prior 
literature describing the presence of bacteria associated with medusae, other than 
some studies concerned with their decay. As major and ever-increasing predators in 
marine ecosystems, jellyfish provide body surfaces, mucous secretions, plus egestion 
and excretion products that are probably substrates for the activities of marine 
bacteria. Do other species of jellyfish carry such bacteria, and how do they manage to 
resist becoming themselves damaged by their proteolytic or other enzymes?  
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Figure Legends.
Figure 1. Micrograph of section of gill arch from moribund salmon showing 2 foci of 
acute hydropic and ballooning degeneration of arch epithelium (arrows). 
Figure 2. Micrograph of section of gill arch from moribund salmon showing severely 
ulcerated epithelium. Large numbers of filamentous bacteria are present throughout. 
Figure 3. Scanning electron micrograph of mouth region of jellyfish Phialella
quadrata showing numerous filamentous bacteria (arrows) on the surface. This 
jellyfish was sampled from just outside a cage of sick salmon. 
Supplementary Material & Methods: 
Jellyfish identification. Identified as Phialella quadrata (Forbes, 1848) based on the 
following criteria: Leptomedusae with a flattened bell of 1-15mm wide, fairly thick, clear jelly 
and a small stomach with 4 short slightly folded mouth lips; gonads on the 4 radial canals 
being distal to the stomach, near, but not touching the ring canal and with a median groove; 
having 16-32 hollow marginal tentacles, no marginal cirri or cordyli and 8 closed, adradial 
marginal vesicles with concretions. 
Bacterial cultures. An isolate ofTenacibaculum maritimum (NCIMB 2163) from the National 
Collection of Industrial and Marine Bacteria (Aberdeen, UK) was used for comparative 
scanning electron microscope (SEM) observations and as a positive control for the PCR 
assays. The bacteria were recovered from lyophilised stocks into 10 ml of marine cytophaga 
broth and incubated at 22oC for 3 days. Purity checks were performed by inoculating a 
marine cytophaga agar plate with a loopful of the broth culture using the streak plate method 
to obtain a bacterial plate culture. The culture was incubated at 22oC for 2-3 days to obtain 
bacterial growth. 
Histopathology of fish samples. Tissues from anaesthetised moribund fish were sampled 
into 10% buffered formalin. After at least 24 h fixation at room temperature, tissues were 
routinely processed through to paraffin-wax blocks and sections stained with haematoxylin 
and eosin. Slides were examined using an Olympus BH2 microscope with S-Plan Apochromat 
objectives.
Images. Images were saved using an Olympus PM10 AD automatic film camera using 
Fujichrome T64 colour reversal film. Final images were scanned using a Nikon Coolscan V and 
ViewScan software. Post-processing to black and white images and addition of arrows used 
Adobe Photoshop 5.0 Limited Edition. Figure 1: magnification x 33, not including final 
processing. Figure 2: magnification x 66, not including final processing. Figure 3:
magnification x 3500. Scale bar included.  
Scanning electron microscopy. Following the light microscope observations, a wax-
embedded gill sample was dewaxed by transferring it into 3 changes of pure xylene, each for 
1 h, and then rehydrating in a descending series of ethanol solutions. Some jellyfish 
preserved in ethanol were also rehydrated the same way. All samples, including the jellyfish 
preserved in formalin, were processed according to the method described19. Finally, samples 
were air-dried at room temperature, mounted on stubs and sputter-coated with gold. All 
samples were viewed using a Jeol JSM-6460LV scanning electron microscope (Welwyn 
Garden City, Herts, UK). Micrographs were saved as digital images. 
DNA extractions. Formalin-fixed and ethanol-fixed jellyfish were processed using the
DNeasyTM kit (QuiagenTM, Crawley, UK) following the manufacturer’s protocol. Gills from 
formalin-fixed wax-embedded samples were also processed with the DNeasyTM kit, but 
following the DNA extraction method for wax-embedded material previously described9.
Finally, bacterial DNA was extracted20, with minor modifications10. DNA concentrations 
obtained after extraction were all determined using a Nanodrop spectrophotometer (ND-
1000; Labtech International, East Sussex, UK). The DNA extracts were then stored in aliquots 
at -20°C until required.
Testing polymerase chain reactions (PCR) with type strain of T. maritimum. Prior to 
performing any PCR reactions using the fish and jellyfish samples, 2 PCR protocols were 
tested13,21 using different specific primer sets for the detection of T. maritimum. For each 
PCR, a positive bacterial control (NCIMB 2163) and a negative control (no DNA template) 
were used. However, adaptations were performed on the original protocols. The cycling 
conditions for the species-specific amplification were modified to an initial denaturation at 
95°C for 5 min, followed by 40 cycles of denaturation at 95°C for 5 min, annealing at 57°C 
for 30 s, extension at 72°C for 1 min, and a single extension cycle at 72°C for 5 min. The 
difference from the applied protocol13 was the use of the eubacterial primer set 1500R and 
20F according to the cycling conditions described21. The PCR assay that gave the best results 
was then applied throughout the remainder of the study.
PCR performed on the fish and jellyfish samples. The PCR’s were modified depending 
on the tissues examined. For gill tissues, one eubacterial PCR and one specific PCR were 
performed, whereas for the jellyfish, two rounds of the eubacterial PCR were applied prior to 
performing the specific PCR. For the eubacterial steps, the designed universal primers and 
cycling conditions were used22, 23.  For jellyfish samples, a second PCR round corresponded to 
a repeat of the eubacterial step prior to specific amplification, whereas for gill samples, 
species-specific amplification was performed using primers MAR1 and MAR2, and the 
amplification was conducted according to the cycling conditions described13. The PCR 
products for all reactions were visualised on a 1.5% (w/v) agarose gel containing ethidium 
bromide.
Sequencing. Nucleotide sequencing was used to confirm the identity of the final PCR 
products. Each sample was purified in duplicate/triplicate using a DNA and gel band 
purification kit (Illustra GFXTM PCR, GE Healthcare, UK) following the manufacturer’s protocol 
and sequenced using a CEQ Beckman 2000TM sequencer, following the manufacturer’s 
protocol (Beckman CoulterTM, High Wycombe, UK). All the sequences obtained were 
compared and contrasted with other 16S rRNA sequences in the EMBL database by BLAST 
analysis11.
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